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Thin filament assembly
For the titrations, a stock was made of 10 µM actin with 10 µM phalloidin added to stabilize the actin filaments. For each filament type (skeletal or cardiac) 2 nmoles of the 10 µM actin/phalloidin stock (200 µl) was mixed with 8 nmoles of Tm and Tn at their stock concentrations (around 20-40 µM, approx 200-400 µl) and incubated for 1 hour at 4 o C. For thin filament assembly with cardiac troponin, troponin containing bisphosphorylated cTnI (position 22 and 23 in the amino acid sequence) was used (13) . The phosphorylation degree was routinely checked by non-equilibrium IEF. Dephosphorylated cardiac Tn filaments were produced as described below. The stocks were then diluted in standard experimental buffer to give final concentrations of 50 nM actin/phalloidin and 200 nM Tm/Tn in a volume of 2 ml. For the stopped-flow experiments thin filaments were preassembled by mixing stock solutions to final concentrations of 10 µM actin, 2 µM Tm and 2 µM of the appropriate Tn in standard experimental buffer (20 mM MOPS pH 7.0, 200 mM KCl, 5 mM MgCl 2 ) and leaving to equilibrate for 10 minutes. An excess of regulatory proteins was present in all assays to ensure correct assembly.
Dephosphorylation of thin filaments
To dephosphorylate cTnI in the thin filament MnCl 2 (final concentration of 5 mM) was added along with 5µl of PP2A stock. The solutions were then incubated overnight at 4 °C before use. To confirm cTnI dephosphorylation, a portion of thin filaments containing 22µg cTn was rephosphorylated in 20 mM MOPS, pH 7, 300mM KCl, 2mM DTT, with 1 mM (final concentration) [γ Aliquots of 5 µl were used to measure incorporation of radioactive 32 P using a liquid scintillation counter. These were precipitated on filter papers and washed to remove unbound [γ 32 P] ATP. The results were curve fitted to determine the maximum level of phosphate incorporation.
Stopped-flow Fluorescence and S1-titrations
Stopped-flow experiments were performed at 20 o C with either a Hi-Tech Scientific SF-61 or SF-61DX2 spectrophotometer in fluorescence mode. For both this and the titration experiments, binding is monitored by the approximately 70% quenching of the pyrene-actin fluorescence upon binding of the S1 to actin (15) . Pyrene fluorescence was excited at 365 nm and emission detected at right angles using a KV 389 nm cut-off filter (Schott, Mainz). Data were stored and analyzed using the Kinetasyst software provided with the instrument. Transients shown are the average of 3-5 shots of the machine. In these experiments the concentrations quoted are those before mixing, the final concentrations being half those quoted for the stock solutions in the syringes. The occupancy of the B-state (defined by K B ) has been determined using the kinetic method of McKillop and Geeves (3) where the rate of binding of S1 to reconstituted filaments is measured under excess actin condition.
Under these conditions the observed rate constant of binding (k obs ) is proportional to the fraction of actin available for binding. The value of K B is then defined from the ratio of the observed rate constant of S1 binding to reconstituted thin filaments in the presence and absence of calcium (3) . Fluorescence was measured at 20 °C using a Perkin Elmer 50B spectrofluorimeter exciting at 365 nm with a 10 nm bandwidth and measuring emission at 405 nm with a 15 nm bandwidth. Titrations were performed with a Harvard Apparatus syringe pump (4) . The fraction of actin bound is directly proportional to the change in pyrene fluorescence measured. The titration curves were then fitted to the three-state model as described by Maytum et al. (4) . This model is defined by the following parameters; K 1 (binding to the A-state), K 2 (A to R isomerisation), K T (the C to M equilibrium), K B (the B to C equilibrium) and n the apparent number of actins being switched between states. Fitting of the binding curves was by a process of systematic variation of n and examination of the sum of the residuals and specific deviations for each value as detailed previously (4) .
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Results and Discussion Figure 1 shows the clear differences between all of the skeletal and cardiac Tn components (TnT, TnI, TnC) when resolved by SDS-PAGE. As the skeletal Tn used in this study was not prepared from a single specific muscle it might contain mixed isoforms of regulatory proteins. However, the only significant isoform variants present are the minor and major TnT isoforms which run above and below βTm, respectively (Fig 1,lane 4) . The control protein preparation does contain some residual actin. However equivalent titrations using purified skTn and Tm with no actin band present (data not shown) indicate that this actin is apparently inactive (probably unpolymerizable) and not effecting the assays. The cardiac preparations also appear to consist mainly of a single cTnT band running above βTm, a single band for cTnI significantly larger than skTnI and one for cTnC running slightly below skTnC ( Analysis by IEF and subsequent scanning densitometry of cardiac Tn after careful treatment with PKA to obtain predominantly bisphosphorylated cTnI showed that about 80 % of the cTnI was bisphosphorylated (data not shown). This material was used for reconstitution of thin filaments.
Dephosphorylated cTn thin filaments were obtained by treatment of phosphorylated filaments with PP2A as this has been previously shown to produce better regulating filaments (28).
Dephosphorylation of TnI by PP2A was confirmed by measuring incorporation of To estimate the extent of dephosphorylation of thin filaments by PP2A used in the experiments described here, these PKA phosphorylated 32 The overall switching of thin filaments into the open M-state was determined by the equilibrium S1 titration curves shown in Figure 4 . Representative curves of S1 binding to filaments containing either skTn or phospho cTn are shown in Figure 4A . The binding curves were virtually identical in the presence of calcium (only a single curve fit shown for clarity). However, the S1 binding curves obtained with skTn and cTn in the absence of calcium clearly differ significantly from each other.
The overall shape of both curves is very similar, but with the cTn curve positioned between the binding curves in the presence of calcium and the skTn curve in the absence of calcium. Curve fitting of the data gives values for the parameters as shown in Table 1 . The values for K 1 which together with K 2 define the overall S1 affinity (K 1 .K 2 ) to actin are similar for all the filaments, in the range of
. K 2 is fixed at the previously determined value of 200 for nucleotide free S1 (3).
Within experimental error the skeletal data shows at least a 3-4 fold change in K T from ≈0.12 in the presence of Ca Values for the apparent cooperative unit size (n) are similar for skeletal and cardiac Tn both in the presence and absence of calcium. In the absence of calcium both give a value of around 6-7 which we have previously suggested is due to the 'pinning' effect of the strongly bound TnI once every 7
actins dominating the cooperativity of the filament (4). In the presence of calcium the both skeletal and cardiac filaments show a similar large apparent cooperative unit size (n ≥ 11). It should be noted however that the curves produced in the presence of calcium have a low sigmoidicity, which occurs when n is large (n ≥ 10). The low sigmoidicity results in the values of both K T and n not being well determined (31), so there may be some subtle isoform related differences which are not detected by this experiment. However, the values for n are significantly higher than the values previously determined for Tm alone. This shows both that cTn has a marked effect on n and a clear effect of the presence of Tn +Ca in both systems (4).
For skeletal Tn it has been shown that the TnT subunit, specifically the TnT 1 region, is responsible for increasing the thin filament cooperativity above that seen for Tm alone (from 7-8 to ≥11) (4, 8) .
From this, it appears that within the limitations of the data as stated above, the effect of cardiac TnT in increasing the apparent cooperativity is the same as that produced by skeletal TnT.
TnI phosphorylation state
The effects of cTnI phosphorylation upon S1 binding are shown in Figure 4B where overlays of a total of 14 titration datasets of phosphorylated and dephosphorylated cardiac filaments in the presence and absence of calcium are presented with 2 skeletal datasets in the absence of calcium being shown for reference. As can be seen, titrations of thin filaments containing either dephospho cTnI or bisphospho cTnI with S1 produce indistinguishable S1 binding curves in both the presence and absence of calcium. Phosphorylation of TnI therefore seems not to effect the regulation of S1
binding to actin at very high or very low calcium levels. Therefore the parameters which are defined by the shape of the S1 binding curves (specifically K B , K T and n) are unchanged by phosphorylation under these conditions. This is in agreement with previous measurements of K B which showed that bisphosphorylation did not significantly effect the maximum and minimum values of the rate of S1
binding to actin (k obs ), but did produce a shift in the mid point of the pCa plot (13 
Quality of reconstitution
For these experiments it is important that the reconstituted filaments are well regulated to ensure that experimental differences are the result of isoform variation rather than the result of poor reconstitution. Poor reconstitution or non-functional Tn components could be expected to produce noticeable effects upon both the titration and kinetic experiments. For example, non-functional TnC would be expected to show a degree of inhibition unregulated by the presence of calcium.
Evidence for good reconstitution of the filaments comes firstly from the fact that the results from different batches of cTn were indistinguishable in this study. Secondly, values of k obs for the rate of S1 binding to actin in the presence of calcium and resulting value of K B are similar to several previous measurements for both the skeletal and cardiac systems. Finally the similarity of the kinetic and titration measurements in the presence of calcium for both systems is also interpreted as evidence of a well-regulated system.
Implications of regulatory differences
The basic result of this work is that there are significant differences in the range of regulation of the binding of S1 to actin produced by the cardiac and skeletal troponin isoforms despite the fact that K B was similar for both systems (this work, (13)). The question therefore is what is the basis for these differences?
The specific conclusions relating the major effect of the isoform differences to be upon the value of K T are dependent upon the model we use for thin filament regulation. However, the basic results are obviously model independent and could be interpreted in terms of any of the other recent models proposed (32-35). Likewise the following discussion of how to understand these isoform effects upon switching between 'on' and 'off' states of the filament is generalized and should be applicable to any cooperative model with two or more states.
Although the skeletal and cardiac TnC sequences are 70% identical, one of the two N-terminal domain regulatory calcium sites is inactivated due to changes in key ligating residues (36). This means that the TnI-C interaction is dependent upon the binding of only a single Ca for the skeletal system (37). These differences result in the free energy of Ca 2+ binding (∆G) being 4 times smaller for cardiac as compared to skeletal muscle TnC (38) . Thus there is less energy available for switching of the system, which would be expected to result in either the cardiac system being less 'off' or less 'on' (or even both) at high and low calcium concentrations. Our data do indeed show the reduction in difference between S1 binding curves in the presence and absence of calcium for the cardiac system in reference to the skeletal system and also show that the 'on' states appear to be nearly the same for both with the 'off' states differing.
Structural studies have shown that binding of calcium to skeletal TnC results in the opening of the 2 domain structure. This results in a change from a compact structure (39, 40) to one with a large hydrophobic patch exposed which allows its interaction with TnI (41). However cardiac Tn undergoes only a partial opening upon binding of its single regulatory calcium (42) with the additional opening necessary to bind TnI being induced directly by the presence of TnI (43) . This implies that cTnC is less 'on' than skTnC in the presence of calcium. Our results show that in fact the cardiac system as a whole has a similar 'on' state in the presence of calcium, but is less 'off' in the absence of calcium. The question is whether these results are compatible.
To explain this, we would propose that regulation takes place with TnI acting as a molecular switch in which the regulatory N-terminal domain is either strongly bound to actin ('off') or strongly bound to TnC ('on').
changes to the properties of both the isolated components and complete systems will we begin to fully understand their nature and effects. 
